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Direct and indirect excitons in Rydberg states in transition metal trichalcogenide (TMTC) monolayers,
bilayers, and van der Waals (vdW) heterostructures in an external magnetic field are studied within the
framework of the effective mass approximation. Binding energies of magnetoexcitons are calculated using the
Rytova-Keldysh potential for direct magnetoexcitons and both the Rytova-Keldysh and Coulomb potentials
for indirect magnetoexcitons. We report the magnetic field energy contribution to the binding energies and
diamagnetic coefficients for magnetoexcitons that depend strongly on the effective mass anisotropy of electrons
and holes. The comparative study of TMTCs and phosphorene is given. In TiS3 , TiSe3 , and ZrSe3 the excitonic
binding energies and diamagnetic coefficients demonstrate the same kind of anisotropy as in phosphorene. In
contrast, ZrS3 has the opposite anisotropy to phosphorene. The tunability of the binding energy of direct and
indirect magnetoexcitons by the external magnetic field and the possibility to control the binding energy of
magnetoexcitons in vdW heterostructures by manipulation of numbers of hBN monolayers are shown.
DOI: 10.1103/PhysRevResearch.4.033016

I. INTRODUCTION

In this millennium graphene has ignited tremendous research interest in two-dimensional (2D) layered materials.
A stream of new 2D layered materials such as transition
metal dichalcogenides (TMDCs), phosphorene, and Xenes
(silicene, germanine, stanene) exhibit remarkable physical
properties resulting from their crystal symmetry and reduced
dimensionality. These materials exhibit a band gap, either
direct or indirect, and in-plane structural isotropy. There exist
a small number of materials with a strong in-plane structural anisotropy such as phosphorene, where a monolayer
appears to be composed of two distinct planes made of puckered honeycomb structure, and 2D layered materials, namely,
group-IVB transition metal trichalcogenides (TMTCs), that
are a source of attraction in the last few years.
Layered TMTCs are a new class of anisotropic 2D materials composed of atomic layers bounded via weak van
der Waals forces that exhibit quasi-one-dimensional behavior. This property stems from their unique highly anisotropic
crystal structure where vastly different material properties
can be attained from different crystal directions. The reduced
symmetry in the crystal structure of the TMTCs sets them
apart from graphene, TMDCs, and Xenes with their largely
isotropic in-plane electrical and optical properties. Prototypical representatives of this new class of 2D materials are TiS3 ,
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ZrS3 , and ZrSe3 that have been successfully synthesized and
TiSe3 which is a hypothetical compound. TiSe3 exfoliation
from the bulk crystal is theoretically predicted. The TiS3
monolayer is the only TMTC which possesses a direct band
gap. In contrast to TiS3 , TiSe3 , ZrS3 , and ZrSe3 monolayers are all indirect gap semiconductors [1,2]. The chemical
formula for TMTCs is generally given by MX 3 , where M is
a transition metal and X is a chalcogen. Monolayers MX 3
can be viewed as interconnected one-dimensional chains of
triangular MX 3 prisms, with the M-X bonds in the chains
being significantly shorter than those between the chains [1].
Crystal structures and typical mechanical, electrical, optical,
magnetic, and charge density wave transport properties characterizing TMTCs are reviewed and discussed in reviews
[3,4], and see references therein.
Over the course of six decades starting with pioneer works
[5,6], excitons in semiconductors in a magnetic field have
been studied. In Refs. [7–9] the authors presented the theoretical framework to investigate the physics of three-dimensional
(3D) Mott-Wannier magnetoexcitons. Studies of excitonic
states in an anisotropic 3D semiconductor and their behavior in a magnetic field were started a decade later [10,11].
Today the study of excitons in 2D materials in an external magnetic field is an active field of experimental and
theoretical research. Direct magnetoexcitons in 2D materials such as TMDC and Xene monolayers are investigated
in Refs. [12–18]. The Zeeman shift has been considered
in Refs. [12,14,16,17,19–23], and the diamagnetic shift was
addressed in Refs. [12–14,16–18,20,24–26]. For indirect excitons in double-layer heterostructures, Rydberg state binding
energies are reported in [27–33], and the Zeeman shift is
presented in Refs. [34–37].
Published by the American Physical Society
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Employing different theoretical approaches, excitons in
anisotropic two-dimensional semiconducting crystals were investigated in Refs. [38–44] . The effect of anisotropy in the
energy spectrum on the binding energy and structural properties of excitons in TMTCs was studied in Refs. [44–46]. Most
recently, magnetoexcitons in phosphorene monolayers and
van der Waals (vdW) heterostructures have been investigated
in Ref. [47]. However, we still lack experimental and theoretical studies of the properties of excitons in TMTCs monolayers
and heterostructures in an external magnetic field, when the
magnetoexcitons are formed. The study of magnetoexcitons
in TMTC materials may seem excessive after the study on
magnetoexcitons in phosphorene [47]. However, phosphorene
is not stable in air and toxic. That is why other materials with
an anisotropy similar to or different from that of phosphorene
but without phosphorene’s disadvantages should be studied to
understand their use in the device design.
In this paper we address this gap and study the effect
of TMTC crystal anisotropy on the direct and indirect magnetoexciton binding energies and diamagnetic coefficients
(DMCs) of Rydberg states 1s, 2s, 3s, and 4s in the monolayer
and heterostructure composed by two TMTC monolayers
separated by a number of hexagonal boron nitride (hBN)
monolayers. A Mott-Wannier model for 2D excitons in an
external magnetic field is presented in Sec. II. We report the
binding energies of excitons in freestanding (FS) and hBNencapsulated TiS3 , TiSe3 , ZrS3 , and ZrSe3 monolayers and the
dependence of the contribution of an external magnetic field to
the exciton binding energy on the magnetic field, and diamagnetic coefficients in TMTC monolayers and heterostructures
in Sec. III. Conclusions follow in Sec. IV.
II. THEORETICAL MODEL

The experimental mapping of the band structure, computed electronic band structure and density of states of TMTC
monolayers, and computed electron and hole effective masses
at the conduction band minimum and valence band maximum
leads to the conclusions for description of excitons within
the effective mass approximation [1,48–52]. The use of a
many-body perturbation theory by solving the Bethe-Salpeter
equation (BSE) and a Wannier-Mott model for the excitons,
that considers the anisotropic effective masses, indicates that
the exciton binding energies found in the BSE step are in
good agreement with those obtained in the framework of the
effective mass approach [44]. The effective mass approach
successfully was applied to study binding energies of excitons
and trions in layered TMTC materials [42,44,45].
Consider a Mott-Wannier model for 2D excitons in an
external magnetic field that takes into account the effective
anisotropic masses and a screened Coulomb interaction. In
the system under consideration, excitons are confined in a
2D FS and hBN-encapsulated TMTC monolayer, FS bilayer,
and van der Waals (vdW) heterostructure with the interlayer
distance D composed of the hBN layers. In the latter two
cases, an equal number of electrons and holes reside in two
opposite parallel TMTC monolayers. In contrast to TMDC,
the anisotropic nature of the 2D TMTC semiconductor breaks
the central symmetry. The asymmetry of the electron and
hole dispersion in TMTC is reflected in the Schrödinger

equation for the Mott-Wannier magnetoexciton. Therefore, it
is preferable to use Cartesian coordinates for the description of
excitons. In the framework of the effective mass approximation, the Schrödinger equation for an interacting electron-hole
pair with anisotropic masses in the external uniform and constant magnetic field B = (0, 0, B) in the TMTC monolayer
can be found in [47]. The corresponding Schrödinger equation for the 2D exciton, after the separation of the center
of mass of an electron-hole pair, R(X, Y ), and the relative
motion, r(x, y), can be written for excitonic Rydberg states
as [8]


1 ∂2
e2 2 2
e2 2 2
1 ∂2
−
+
B
x
+
B y
2μx ∂x 2
2μy ∂y2
8μx
8μy

+ V (x, y) (x, y) = E (x, y),

−

me mh

(1)

me mh

where μx = me x+mx h and μy = me y+my h are the reduced masses,
x
x
y
y
related to the relative motion of an electron-hole pair in the
x and y directions, respectively; mxe , mye and mxh , myh are the
electron and hole effective masses in the x and y directions,
respectively, and the symmetric gauge is used. To get (1),
following Gor’kov and Dzyaloshinskii [8], we used a canonical transformation to obtain the electron-hole pair relative
motion wave function (x, y). Equation (1) gives the binding
energies, EB , of magnetoexciton Rydberg states with zero
center-of-mass momentum [8,53,54].
When the electron and hole are located in the 2D plane,
due to nonlocal screening, one uses the Rytova-Keldysh (RK)
potential [55,56] that is widely employed for the description
of charge carriers’ interaction in 2D materials. The RK potential is a central potential, and the interaction between the
electron and hole in a monolayer has the following functional
form,
  
 
r
r
π ke2
H0
− Y0
,
V (r) = −
2κρ0
ρ0
ρ0

(2)

where r = re − rh is the relative coordinate between the
electron and hole. In Eq. (2) e is the charge of the electron, κ = (1 + 2 )/2 describes the surrounding dielectric
environment, 1 and 2 are the dielectric constants below
and above the monolayer, respectively, H0 and Y0 are the
Struve and Bessel functions of the second kind, respectively,
and ρ0 is the screening length. The potential (2) has the
same functional form as one derived in Ref. [57], where the
macroscopic screening is quantified by the 2D polarizability.
Following [57,58] the screening length ρ0 can be written as
ρ0 = 2π χ2D /κ, where χ2D is the 2D polarizability. 2D layer
polarizability can be computed by standard first-principles
technique [57] or considered as a phenomenological parameter.
Indirect magnetoexcitons formed by electrons and holes
residing in two different TMTC monolayers in the bilayer
or vdW heterostructure have a longer lifetime than the direct
excitons due to longer recombination time. For indirect excitons, one can obtain the eigenfunctions and eigenenergies of
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magnetoexcitons by solving Eq. (1) using the RK potential
  2


ρ + D2
π ke2
2
2
H0
V( ρ +D ) = −
2κρ0
ρ0
 2

ρ + D2
(3)
− Y0
ρ0
or

ke2
VC ( ρ 2 + D2 ) = − 
(4)
κ ( ρ 2 + D2 )
when the electron and hole interact via the Coulomb potential. Equations (3) and (4), where ρ 2 = x 2 + y2 , describe the
interaction between the electron and hole that are located in
different parallel TMTC monolayers separated by a distance
D = h + NlhBN , where lhBN = 0.333 nm is the thickness of
the hBN layer and h is the TMTC monolayer thickness. Below for indirect magnetoexcitons, we report calculations for
both the RK (2) and Coulomb (4) potentials. This aids in the
understanding of the role of screening in TMTCs.
In TMTC materials, electron and hole bands have different
anisotropies from each other: the anisotropic band structure
of the conduction band is flatter in the px direction, whereas
the valence band is flatter in the py direction. This is in sharp
contrast to phosphorene in which both the conduction and the
valence bands are flatter in the py direction. In phosphorene,
charge carrier effective mass anisotropy with lighter effective
masses along the armchair direction and heavier effective
masses along the zigzag direction lead to the reduced mass
anisotropy: μy > μx . For TMTCs we have a different picture:
for TiS3 , TiSe3 , and ZrSe3 , μy > μx , while for ZrS3 , μx > μy .
One can obtain from (1) the expectation value for the bound
state energies:
 
  2


1 ∂2
e
1 ∂2
2 2
+ −
+
B x
E= −
2μx ∂x 2
2μy ∂y2
8μx
 2

e 2 2
+
(5)
B y + V (x, y).
8μy
The terms in the latter expression could be viewed as the sum
of the average values of the operators of kinetic, magnetic,
and potential energies in 2D space obtained by using the corresponding eigenfunction (x, y) of the magnetoexciton state.
From Eq. (5) follows that when μx > μy the contribution of
the corresponding kinetic energy term is small that leads to
larger binding energy but smaller contribution of the magnetic
field. The relation μy > μx leads to the opposite conclusion.
We studied the formation of magnetoexcitons in several
two-dimensional materials: Xenes (silicene, germanene, and
stanene) [18], transition metal dichalcogenides [25,26], and
phosphorene [47]. The magnetoexcitons in these systems are
described by the two-body Schrödinger equation which can be
reduced to the one-dimensional radial equation for isotropic
materials and two-dimensional equation for anisotropic materials such as phosphorene. For all these systems the
contribution of the magnetic field is defined by the reduced
mass of the electron-hole pair. The difference in description
of these system is due to the difference of the total potential W (x, y) that consists of two parts: two-dimensional
electron-hole interaction and action of the magnetic field on

the electron-hole pair. The first part has the same analytical
form for all 2D materials, and the strength is exclusively
defined by the 2D materials’ polarizability. The action of
the magnetic field on the electron-hole system is inversely
proportional to the effective reduced mass of the electron-hole
pair and can depend on anisotropic properties of materials due
to the effective mass anisotropy.
For Xenes and TMDCs, which are isotropic materials,
e2 2 2
e2 2 2
B x + 8μ
B y +
a total potential is central: W (x, y) = 8μ
x
y
e2 2 2
B r
8μ

+ V (r), where μ is the reduced mass of the

electron-hole pair and r = x 2 + y2 . For Xenes me = mh that
leads to μ = me(h) , and the contribution of magnetic field is
proportional to the factor 1/me(h) . For TMDCs the reduced
mass μ of the electron-hole pair is always smaller than the
smallest electron or hole effective mass μ < me(h) . In contrast,
for anisotropic materials such as phosphorene and TMTCs
the contribution of the magnetic field depends on the reduced
masses of the electron-hole pair in the x and y directions.
Consequently, the electron and hole mass anisotropy leads
to the anisotropy of the total potential. In Figs. 1(a) and
1(b) are shown the total potential comparison between the
isotropic WSe2 and anisotropic ZrSe3 and both anisotropic
phosphorene and ZrS3 , respectively. The analysis indicates
that W (x, y) for ZrSe3 is stronger in the x direction and weaker
in the y direction than one for WSe2 . For the anisotropic
phosphorene and ZrS3 , W (x, y) for ZrSe3 is stronger in the y
direction and weaker at short distances in the x direction. Such
behavior distinguishes TMTC monolayers and phosphorene.
The latter provides a novel insight into how the interaction
with two different anisotropies in 2D systems leads to different magnetic field contributions to the binding energy of
magnetoexcitons and marks the very first demonstration in the
next section.

V (x, y) ≡

III. RESULTS OF CALCULATIONS AND DISCUSSION

Consider results of the study of binding energies, contribution of the magnetic field to the binding energies,
and diamagnetic coefficients for monolayers and vdW heterostructures of TMTCs. In Figs. 1(c) and 1(d) are presented
the magnetoexciton binding energies of Rydberg states 1s,
2s, 3s, and 4s in FS and hBN-encapsulated monolayers of
different TMTCs. We solve Eq. (1) using the numerical approach [47] that successfully reproduces the results for the
phosphorene binding energy. There are a few papers that give
binding energies of excitons in TiS3 monolayers [44,45]. To
check the validity of the code, we have performed calculations
for exciton binding energies with the parameters given in
those papers and reproduced their results within 5%.
In our calculations for input parameters, we use electron
and hole effective masses found in the literature and listed
in Table I along with the corresponding reduced masses.
For TiS3 polarizability χ2D = 7.057 Å [45]. We did not find
the polarizabilities for TiSe3 , ZrS3 , and ZrSe3 computed by
standard first-principles techniques in the literature. One can
calculate a 2D polarizability as χ = h( − 1)/4π [57], where
 is the dielectric constant of a bulk material and h is a
monolayer thickness. Following [45] polarizabilities for these
monolayers can be obtained using the dielectric constant of
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e
e
FIG. 1. Dependence of the total potential W (x, y) = V (x, y) + 8μ
B2 x 2 + 8μ
B2 y2 acting on the electron-hole pair on x and y coordinates.
x
y
Calculations are performed for the electron-hole pair in external magnetic field B = 30 T. (a) For WSe2 with μ = 0.15m0 [59] and χ2D = 7.571
Å [60] and ZrSe3 with μx = 0.15m0 , μy = 0.79m0 , and χ2D = 9.322 Å. (b) For ZrS3 with μx = 0.64m0 , μy = 0.2m0 , and χ2D = 7.057 Å and
phosphorene with μx = 0.063m0 , μy = 0.97m0 , and χ2D = 4.1 Å. The binding energies of excitons in phosphorene (BP: black phosphorus)
and TMTC monolayers. (c) FS and (d) hBN-encapsulated. The calculations are performed using the anisotropic effective masses of electrons
and holes from [61] for phosphorene and Refs. [1,45] for TMDC monolayers.

the material as a geometric average of its x , y , and z components [63]. The thickness of the layers can be estimated from
structural parameters given in Ref. [51].
For comparison in Figs. 1(c) and 1(d) are presented the
corresponding binding energies for the phosphorene. The exciton binding energies in TMTCs do not vary significantly
from substance to substance and are close enough. However,
exciton binding energies of Rydberg states 1s, 2s, 3s, and
4s in TMTC monolayers are smaller than in phosphorene.
Among TMTCs, ZrS3 has the highest exciton binding energies of the 1s state in FS as well as the hBN-encapsulated
monolayer. If one considers effective excitonic masses of the
electron and hole for ZrS3 from Ref. [62], where the raTABLE I. The effective masses of the electron and hole in TMTC
materials and corresponding reduced masses in the x and y directions.
The masses are given in units of the free electron mass.
Electron

TiS3
TiSe3
ZrS3
ZrSe3
a

Reduced mass

mye

mxh

myh

μx

μy

1.52a
0.19b
2.084c
1.3b
0.16b

0.40a
4.29b
0.624c
0.4b
6.72b

0.30a
3.57b
3.218c
1.28b
2.36b

0.99a
0.85b
0.682c
0.42b
0.89b

0.251
0.180
1.265
0.645
0.150

0.285
0.709
0.326
0.205
0.786

Reference [45].
Reference [1].
c
Reference [62].
b

Hole

mxe

tio μy /μx = 0.32/1.26 = 0.26 versus μy /μx = 0.20/0.64 =
0.32 from [1], the binding energies increase. For example, for
the ZrS3 FS monolayer, the increase is by about 14% and 21%
for 1s and 2s, respectively, and ∼23% for 3s and 4s states. The
comparison of Figs. 1(c) and 1(d) shows that when TMTC
materials are encapsulated in hBN the Rydberg state binding
energies of the excitons are considerably smaller.
e2 2 2
e2 2 2
B x + 8μ
B y + V (x, y) is a
In Eq. (1), W (x, y) = 8μ
x
y
total potential that acts on the electron-hole system in the
TMTC monolayer. Here the potential V (x, y) has the central
symmetry. The strength and particular behavior of the V (x, y)
potential is defined by the polarizability of 2D materials. The
e2 2 2
e2 2 2
terms 8μ
B x and 8μ
B y present the anisotropic nature
x
y
of W (x, y). As a result of mass anisotropy, when μx > μy ,
e2 2 2
B y gives a larger contribution due to the magnetic field
8μy
2

e
B2 x 2 and vice versa if μy > μx . Thus, the
than the term 8μ
x
electron and hole mass anisotropy leads to the anisotropy of
W (x, y). In Fig. 1(b), W (x, y) is shown as a function of x
and y for two anisotropic materials: ZrS3 and phosphorene.
The comparison demonstrates that while both potentials have
anisotropy with respect to the x and y directions, phosphorene
has deeper well and ZrS3 exhibits more flat behavior. The
same tendencies are observed when we consider ZrSe3 , TiSe3 ,
and TiSe3 monolayers.
The dependence of magnetic field energy contribution to
the exciton binding energy, E , on the magnetic field for
FS and hBN-encapsulated are presented in Fig. 2(a) and
Fig. 2(b), respectively. We consider TiS3 as the representative
case. The results for TiSe3 , ZrS3 , and ZrSe3 demonstrate the
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FIG. 2. The energy contribution of the magnetic field to the exciton binding energy as a function of the magnetic field in states 1s, 2s,
3s, and 4s for TiS3 monolayer and bilayer. (a) FS and (b) hBN-encapsulated monolayer. For TiS3 bilayer calculations performed using both
the Rytova-Keldysh and Coulomb potentials and presented in panels (c) and (d), respectively. On each graph we display the diamagnetic
coefficients where they can be extracted. σ is given in μeV/T2 . DMCs are obtained for the range of the magnetic field between 0 and 30 T and
correspond to R2 = 0.9998 for the linear regression model.

same behavior with slightly different magnitudes. The linear
dependence of E on B2 is observed in the range of magnetic
field 0–30 T. So we use that range to extract the DMCs for
states when the linear regime E ∼ B2 is valid. In FS TiS3 ,
DMCs can be extracted in all states and are listed in Fig. 2(a).
The DMCs for 1s, 2s, 3s, and 4s states increase from state to
state and are significantly different. In hBN-encapsulated TiS3
the DMC can be extracted only in the state 1s and is given in
Fig. 2(b).
In Figs. 2(c) and 2(d) are presented the dependence of
E on the magnetic field for the TiS3 bilayer. Calculations
are performed for the Rytova-Keldysh (3) [Fig. 2(c)] and
Coulomb (4) [Fig. 2(d)] potentials. In the same figures are
listed corresponding DMCs. Interestingly enough, E and
DMCs calculated with the RK potential are twice as big as the
magnetic energy contributions and DMCs for the Coulomb
potential. Thus, the reduced dimensionality leads to an increase of the energy contributions of the magnetic field and
DMCs for all Rydberg states.
We study the effect of anisotropy on the excitonic binding
energy and energy contribution of the magnetic field to the
binding energy of magnetoexcitons in TMTCs induced by
the electron and hole masses anisotropy along the x and y
directions. Analysis of Eqs. (1) and (5) shows the following:
(i) a large μx leads to a sizable binding energy of excitons,
because of the small contribution of kinetic energy; (ii) a large
μy leads to a small contribution of the magnetic field to the
binding energy of magnetoexcitons and vice versa. We study
these phenomena in FS and hBN-encapsulated TiS3 , TiSe3 ,
and ZrSe3 TMTC monolayers when different terms 1/μx
and 1/μy are omitted in Eq. (1). In TiS3 , TiSe3 , and ZrSe3

monolayers, the exciton binding energy in state 1s is dominated by the terms 1/μy . In contrast, in the FS and
hBN-encapsulated ZrS3 monolayer, the exciton binding energy in state 1s is dominated by the term proportional to 1/μx .
These tendencies can be explained by the fact that in TiS3 ,
TiSe3 , and ZrSe3 monolayers μy is bigger than μx , whereas in
ZrS3 the opposite picture is observed. Anisotropy similar to
TiS3 , TiSe3 , and ZrSe3 is observed in phosphorene where also
μy > μx . It is worthwhile to emphasize that for FS TMTC
monolayers, when we consider only the terms with 1/μy in
Eq. (1), the binding energy goes up by about 200–300 meV,
while in the case of FS phosphorene, the binding energy doubles. In addition, in the case of FS TMTC, when we omit the
terms proportional to 1/μy , again binding energies increase
by about 200–300 meV.
The dominant contribution of the magnetic field to the
binding energy of magnetoexcitons in TiS3 , TiSe3 , and ZrSe3
comes from the term with 1/μx , while in ZrS3 E the dominant contribution comes from the term with 1/μy .
In Fig. 3, we compare E and EC for the vdW heterostructure when two TiS3 layers are separated by a number
of hBN monolayers. Results are given for TiS3 , because it has
been gaining interest due to its robust direct band gap, and it is
taken to be the representative case. We plot E as a function
of the external magnetic field and the number of hBN layers.
In vdW heterostructure formed by TiS3 in the range of magnetic field between 0–30 T, the linear dependence of E on B2
is valid only for the 1s magnetoexciton, Fig. 3(a). DMCs can
be extracted for the 1s state for the number of hBN layers up
to N = 3 for magnetoexcitons with the Coulomb interaction,
while for the RK potential one can extract the DMC in the
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FIG. 3. The energy contribution of the magnetic field for indirect magnetoexcitons in the vdW heterostructures as a function of the magnetic
field and the number of hBN layers. Calculations are performed for TiS3 with input date from Ref. [45] using both the RK and Coulomb
potentials. On the graph, we display the diamagnetic coefficients where they can be extracted. σ is given in μeV/T2 . DMCs are obtained for
the range of the magnetic field between 0 and 30 T and correspond to R2 = 0.9998 for the linear regression model.

state 1s only when N = 1. From Fig. 3 one can discern the
following features: (i) in contrast to isotropic heterostructures
built from TMDC monolayers, in TMTC vdW heterostructures indirect magnetoexcitons remain bound in all considered
Rydberg states; (ii) E > EC ; (iii) as the number of hBN
layers increases, E and EC converge; (iv) the increase of
both the magnetic field and the number hBN layers leads to
an increase of the energy contribution of the magnetic field.
In contrast to indirect magnetoexcitons in TMDC and Xene
vdW heterostructures [18,26], E due to the magnetic field
in vdW TMTCs is always higher.
IV. CONCLUSIONS

In summary, we studied the binding energy and contribution of the magnetic field to the binding energy of direct and
indirect magnetoexcitons in anisotropic 2D TMTC materials
within the effective mass approximation. In our approach,
exciton binding energy and DMCs are determined generally
by the carrier effective mass anisotropy along the x and y directions and polarizability of 2D TMTC materials. For TMTC

materials the reduction of dimensionality from 3D to 2D leads
to the increase of binding energies of excitons and DMCs
due to the decrease of degree of freedom by unity and the
screening of the electron-hole interaction. At the same time
the electron and hole mass anisotropies allow excitons to be
confined in a quasi-one-dimensional space [3,4] that leads to
the additional increase of their binding energies and DMCs.
We found that magnetoexciton binding energy and E
are determined by the reduced masses of the electron and
hole along the x and y directions. The mass anisotropy along
the x and y directions causes the system to become quasione-dimensional that leads to the larger binding energies of
excitons in TMTC materials, contrary to TMDCs. In TiS3 ,
TiSe3 , and ZrSe3 the excitonic binding energies and DMCs
demonstrate the same kind of anisotropy as in phosphorene.
In contrast, ZrS3 has the opposite anisotropy to phosphorene.
In the absence of an external magnetic field, due to mass
anisotropy, the term proportional to 1/μy dominates the binding energy for TiS3 , TiSe3 , and ZrSe3 ; this is in contrast to
ZrS3 , where the main contribution is determined by the term
proportional to 1/μx . For E the picture is opposite: the
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term proportional to 1/μx gives the largest contribution for
TiS3 , TiSe3 , and ZrSe3 , while for ZrS3 the term with 1/μy is
dominant.
In bilayers and heterostructures, the electron and hole that
interact through the V (r) potential have a higher energy contribution than the ones interacting through VC . In the range
of the magnetic field 0–30 T, DMCs can be obtained for 1s,
2s, 3s, and 4s Rydberg states for FS and hBN-encapsulated
TMTC monolayers, while for a vdW heterostructure only for
the 1s state.
We demonstrated the tunability of the binding energy of
direct and indirect magnetoexcitons by the external magnetic
field and the possibility to control the binding energy of excitons in vdW heterostructures by manipulation of the number
of hBN monolayers.
To the best of our knowledge, there are no experimental
studies of magnetoexcitons in TMTC monolayers or their
heterostructures. The magneto-optical spectroscopy at high
magnetic field, which was recently used for the study magnetoexcitons in TMDC, provides an especially powerful way
to identify and quantify excited Rydberg excitons because
each excited state shifts very differently with magnetic field
[12–14]. The excited states, being more loosely bound, are
larger and, therefore, exhibit a significantly larger diamagnetic

shift. Our calculations for the binding energies and DMCs
of magnetoexcitons in TMTCs can provide the guideline for
experimental studies.
Finally, it is worth mentioning that the advantage of
phosphorene and TMTCs over TMDCs and Xenes is their
anisotropic nature that can be used to create devices where
different properties are needed along different directions. The
advantage of TMTCs over phosphorene is that TMTCs are
nontoxic, more abundant, and stable in air. In addition, as was
shown, if TiS3 , TiSe3 , and ZrSe3 possess anisotropy similar
to phosphorene, ZrS3 has anisotropy opposite to phosphorene that can be utilized in device design. It is already reported
that TMTCs have possible applications as field effective
transistors [64], solar and fuel devices [65–67], photodetectors and photosensors [68,69], lithium ion batteries [70],
and in thermoelectricity [71], and devices that utilize
anisotropy are on-chip polarizers [72,73], polarizationsensitive photodetectors [74], and devices with polarized light
emissions [75].
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